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Acoustic emission testing provides possibilities for quality inspection of multilayer
ceramic capacitors. In previous studies, faulty capacitors have been detected among
effective ones using acoustic emission testing. The main objective of the present
study was to design and build a prototype for measuring acoustic emissions of mul-
tilayer ceramic capacitors from gate driver printed circuit boards.

The prototype’s frequency response was analyzed. It was found that the signal was
attenuated and distorted, mainly because of the waveguide which was attached to
the acoustic emission sensor. Furthermore, the prototype was used to measure the
acoustic responses of the multilayer ceramic capacitor from the gate driver board.
The measurement results were compared to those of earlier studies. In addition, it
was noted that the acoustic response of the capacitor was attenuated. The waveg-
uide created various resonance peaks along the frequency spectrum, but similarities
were still found between the obtained acoustic responses and those from earlier stud-
ies. Moreover, the capacitor positioning on the gate driver PCB was also noted to
affect acoustic response.

In conclusion, it is possible to measure the acoustic response of multilayer ceramic
capacitors using the setup proposed in this thesis. Quality errors in these capacitors
might also be detectable using this prototype.
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Työn tarkastajat: Prof. Pertti Silventoinen
TkT. Tommi Kärkkäinen
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Akustisen emission testaus tarjoaa mahdollisuuksia keraamisten kondensaattorien
laaduntarkkailuun. Aikaisemmissa tutkimuksissa viallisia kondensaattoreita on voitu
erottaa ehjistä akustisin menetelmin. Diplomityön tavoitteena oli suunnitella ja ra-
kentaa prototyyppi kondensaattorien akustisten emissioiden mittaamiseen
hilaohjainpiirilevyltä.

Työssä tarkasteltiin suunnitellun prototyypin taajuusvastetta. Keskeisiä huomioita
olivat mitattavan signaalin vaimentuminen sekä vääristyminen akustisen emission
sensooriin liitetyn aaltojohtimen takia. Prototyypillä mitattiin hilaohjainpiirikor-
tin kondensaattorien akustisia vasteita ja tuloksia verrattiin aiempiin tutkimuksiin.
Akustisen vasteen havaittiin vaimenneen ja vääristyneen edellisiin tutkimuksiin ver-
rattuna. Signaalien käyrämuodoissa havaittiin kuitenkin samankaltaisuuksia. Kon-
densaattorien sijainti piirilevyllä havaittiin vaikuttavan mitattuun akustiseen vas-
teeseen.

Johtopäätöksenä oli, että kondensaattirien akustinen vaste on mahdollista mitata
tuotannonpiirilevyltä. On myös mahdollista, että kondensaattorien laatuerot on
havaittavissa työssä suunnitellun prototyypin kaltaisella mittausmenetelmällä. Työn
lopussa myös esitellään mahdollisia jatkokehitysehdotuksia suunnitellulle
prototyypille.
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Abbreviations

AC Alternating Current

AE Acoustic Emission

AET Acoustic Emission Testing

DUT Device Under Test

IGBT Insulated Gate Bipolar Transistor

MLCC Multilayer Ceramic Capacitor

NDT Nondestructive Testing

PCB Printed Circuit Board

WG Waveguide
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1 Introduction

Nowadays, many electronic device producers are striving for better component qual-

ity. This is especially true in the industrial sector, where the expected lifetime of

a product is often longer than in consumer electronics. Quality control is the key

to success. In power electronic devices such as frequency converters, the failure of

a single component can cause the destruction of the whole converter system. Many

electronic producers offer a warranty with their products, and if so-called early fail-

ure happens, this hurts these producers both economically and by reducing their

brand value.

Frequency converters are an extreme example of a system where great reliability

and long lifetimes are needed. These converters run critical processes such as ship

propulsion systems and factory production lines. The drive train of an electric car

also contains frequency converter. It is clear that the unexpected failure of critical

devices causes serious economic damage to producers. As previously stated, the

failure of one electrical component can cause the malfunction of the whole converter

system. This can be seen in a faulty multilayer ceramic capacitor (MLCC) on a

frequency converter gate driver. A gate driver is used to control power electronic

switches, such as insulated gate bipolar transistors (IGBT). An IGBT gate driver

needs energy storage to work properly; therefore, MLCCs are used in these systems.

However, the harmful failure of a single capacitor can cause the whole system to

work incorrectly.

Production testing is mostly used to prevent these early failures. In this vein, this

thesis presents an acoustic screening method for MLCCs soldered to gate driver

circuit boards. This method could help in the mission to minimize early failures of

converter systems.
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1.1 Goals of the study

The main objective of this thesis is to design and build a prototype for measuring

MLCCs’ acoustic emissions from gate driver printed circuit board. This prototype

could be the first step towards the acoustic screening of MLCCs’ on printed circuit

boards production line. The main research questions are the following:

• How can we adapt an acoustic measurement system to gate driver circuit

board?

• How can we attach a sensor to a capacitor?

• How can an excitation signal be supplied to a capacitor?

These questions are answered experimentally by designing a prototype and measur-

ing the acoustic emissions of capacitors. The measurement results are compared to

those of earlier studies(Levikari et al., 2017).

1.2 Multilayer ceramic capacitor

MLCCs are widely used in modern electronics. One reason for this is that ML-

CCs can have a small physical size and high capacitance value in the same package.

For example, in 2014 Murata launched a 008004-size capacitor with the dimensions

0.25 x 0.125mm(Murata Manufacturing Co., 2014). According to Pan and Randall

(2010), approximately 1.5 trillion MLCCs were manufactured in 2009. Because of

their high capacitance and small size, MLCCs have an enormous application field.

One major application is in resonant circuits and filters, where low losses and high

stability are needed. However, because of the rapidly evolving capacitor markets,

the reliability of MLCCs is increasingly becoming a concern. A typical reliability

issue of MLCCs is the drop of capacitance value with time (Wojewoda et al., 2009).

Moreover, the Center for Advanced Life Cycle Engineering found that capacitor

failures have caused more malfunctions than any other component in over 150 elec-

tronic products (Keimasi et al., 2008).
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The basic structure of an MLCC contains multiple alternating layers of dielectric

ceramics and metallic electrodes. The capacitor is connected to a printed circuit

board (PCB) through its termination electrodes. Barium titanate (BaTiO3) is a

commonly used ceramic in capacitors(Wojewoda et al., 2009),(Keimasi et al., 2008).

Figure 1.1 illustrates the main structure described above.

Termination

Solder

Dielectric Electrode

Crack

Printed circuit board

Figure 1.1: Structure of an MLCC. Flex crack extending towards termination. Based
on (Scarpulla et al., 2016).

The structure seen in figure 1.1 can be built using a complicated manufacturing

process. Metallic electrodes are screen printed onto the top of thin ceramic sheets.

Many of these layers are stacked on top of each other and laminated. After lam-

ination, these stacked sheets are then cut to fit smaller size capacitors. Finally,

termination electrodes are fired at each end of the chip (Pan and Randall, 2010).

1.3 Cracks in MLCC

Due to their ceramic texture, MLCCs’ most often detected defect is cracking (AL

Ahmar and Wiese, 2014). One possible origin of cracks is an incorrect manufac-

turing process. Thermal shock during soldering and mishandling of the board are

also common causes. In the literature, cracks caused by PCB bending are often

called flex cracks. A typical flex crack, shown in figure 1.1, starts near the termi-
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nation and extends towards the soldered termination face with an angle of around

45◦ (Keimasi et al., 2008). In the worst-case scenario, a crack can separate the end

of the capacitor from the main body of the chip. A capacitor’s size, base material,

termination material, and solder material are all factors that affect the amount of

stress the capacitor can handle before cracking (Prymak and Bergenthal, 1995),(AL

Ahmar and Wiese, 2015).

Cracks are usually hidden defects, as a cracked capacitor does not always cause

malfunction immediately. Often when the force bending the PCB is removed, the

separation caused by cracks can return, but after several months or years, a field op-

eration crack can cause defects in electronic devices (Prymak and Bergenthal, 1995).

According to (Teverovsky, 2012, 2014), a crack often decreases insulation resistance,

which leads to a high leakage current. The electrical breakdown of capacitors is also

an issue, as cracks decrease breakdown voltages (Teverovsky, 2012). Furthermore,

it is possible that moisture can go beyond the MLCC’s surface through crack and

cause defects over time (Teverovsky, 2008).

MLLC manufacturers often measure leakage current and perform visual inspections

to guarantee the quality of their products. However, subsurface cracks are difficult to

detect, and the leakage current is not always affected by cracks (Johnson et al., 2014).

Cracks caused by circuit board bending are also undetectable before an MLCC is

soldered to the board. The voltage absorption technique can reveal cracks more

often than the standard insulation resistance measurement technique (Teverovsky,

2014). Nevertheless, because of the complicated and unreliable detection of cracks,

many faulty MLCCs are up and running in customers’ electronic devices. With

time, these capacitors can cause malfunctions within these devices (Maxwell, 1988).
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1.4 Acoustic emission testing

Nondestructive testing (NDT) refers to a wide group of test methods that do not

cause harm to the device under test (DUT). Nondestructive methods are often used

to define the structures of a material. In this thesis, a nondestructive method called

acoustic emission testing (AET) is used to measure the acoustic response of the

MLCC.

In AET, structures and materials are investigated based on their elastic (acoustic)

waves. An AET can be active or passive, depending on the acoustic emission source.

In the passive method, the emission is generated from the structure itself, for exam-

ple a growing crack on concrete. Concrete’s natural load causes cracks to expand,

which in turn changes the acoustic features of the concrete. The basic guideline of

passive AET is that no external source drives the acoustic event to happen in the

structure.

In the active method, in contrast, acoustic emissions in the structure are generated

by an external source. A prime example of active AET is the method used in this

thesis, where signal chirps are driven into an MLCC to make it emit acoustic emis-

sions (vibrate). The principle of AET is demonstrated in 1.2.

It is useful to recognize that an acoustic wave does not need to be propagated from

the object to the air to be defined as an acoustic emission. In fact, in this thesis

acoustic emissions are observed directly from the object’s surface with an acoustic

emission sensor, and not with a microphone, which would require emission propa-

gation into the air. In this vein, Karkkainen (2015) notes that the term acoustic

emission is commonly misunderstood in the electronics field as referring only to fre-

quencies in the human hearing range. Grosse and Ohtsu (2008) classify emissions as

either acoustic or ultrasonic. They use the term acoustic when the signal frequency

is in the human hearing range (below 20kHz), and ultrasonic for all the frequencies
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higher than 20kHz. In this thesis, the term acoustic indicates the whole frequency

spectrum of the signal, because the same physics apply to the signals within human

hearing range and to those above it.

Source Device under test Recorded signal

EMI

Noise

fs(t) fdut(t) fsens(t)

femi(t)

fbgs(t)

fout(t)+ + =

Vibration detection

Figure 1.2: Basic principle of active AET.

As figure 1.2 demonstrates, the recorded signal fout(t) is a combination of various

different transfer functions such as background noise fbgs(t) and electromagnetic

interference femi(t). In this thesis, the term background noise is understood as

unwanted acoustic emission (AE) signals not generated by the DUT. In noisy en-

vironments, the wanted signal can be completely masked by the background noise

(Holroyd, 2000). Noise is strongly dependent on measurement circumstances: dif-

ferent locations have different acoustic phenomena. Proper sensor attachment and

signal conditioning help to remove noise. If an acoustic event is well known and

happens in a narrow bandwidth, unwanted noise can be filtered out more easily

than in a situation where a large bandwidth is needed. Problems might occur in

the latter situation when the acoustic event is not known well enough to set correct

filters.

As shown in figure 1.2, background noise and electromagnetic interference (EMI) are

not the only phenomena affecting the measured signal. The measurement system -

in this case the AE sensor, pre-amplifier, and other parts such as the waveguide -

has its own characteristics affecting the recorded signal as well (Grosse and Ohtsu,
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2008). As the signal goes from one object to another, it faces boundaries where it is

reflected. Reflections take place in every AE measurement system. One of the most

crucial boundaries is between the DUT and the sensor, where all the dirt and other

particles should be removed to obtain the best contact possible (Holroyd, 2000).

1.5 Acoustic experiments with MLCC

Levikari et al. (2017) conducted acoustic experiments with capacitors: he drove

voltage chirps into ceramic capacitors soldered in PCBs, and measured the acous-

tic response directly from the capacitor body with a piezoelectric sensor. He then

compared the acoustic response of the capacitors before and after PCB bending and

discovered that the response changed after the bending. In addition, the author

noted that it was possible to detect cracks and delaminations acoustically. It is

worth mentioning that a capacitor size of 1210 showed highly inconsistent acoustic

responses in these tests. In this thesis, the acoustic response of 1210-sized ceramic

capacitors is measured.

Johnson et al. (2017) used resonant ultrasound spectroscopy (RUS) to measure fre-

quency shifts of 1210-sized MLCC with cracks. He measured the acoustic response

directly from capacitors that were not soldered to PCBs, and supplied an excitation

signal to another side of the capacitor. Cracks were made using a heat treatment.

The author noted that the nominal frequency mode shifted when capacitors were

exposed to cracks. Moreover, the amplitude of resonant frequencies tended to cor-

relate significantly with the presence of cracks (Johnson et al., 2014).

Ko et al. (2014) investigated the acoustic noise generated by MLCCs attached to

PCBs. The author discovered that frequencies in the audio range were mainly

generated by PCB vibrations, but ceramic capacitors could also generate acoustic

emissions because of the piezoelectric properties of dielectric material.
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Erdahl and Ume (2004) vibrated MLCCs with laser pulses and measured surface

vibrations with a laser interferometer to create a fast and reliable quality detection

tool for MLCCs. In this method, vibrations are measured from the top of the ca-

pacitor, as is done in this thesis, but with no physical contact with the MLCC. If

acoustic emissions happen at frequencies over the acoustic emission sensor limits,

the laser interferometer technique may be the only way to measure them reliably

(Erdahl and Ume, 2005).

Recently, multiple AET methods have been developed for detecting defects in ML-

CCs. These methods contain both direct and indirect measurement setups. How-

ever, AET for MLCCs soldered to gate drivers or other production circuit boards

has not been studied. There is evidence that defects in MLCC can be detected

acoustically. However, these studies focused only on MLCC, and setups were ideal

for acoustic emission measurements. This thesis takes a step further as AET is

considered to be a part of the functional test of gate driver PCBs.
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2 Prototype design

To directly measure the acoustic emission of MLCCs, two basic principles must be

followed(Levikari et al., 2017):

• The excitation signal must travel through the capacitor; and

• The acoustic emission sensor must be in contact with the capacitor’s surface.

The excitation signal is an AC signal pulse, which makes the ceramic capacitor

vibrate due to its piezoelectric properties. To generate acoustic emissions over a

wide range of frequencies, pulse chirps can be used. A pulse chirp is an AC signal

whose frequency linearly or logarithmically increases over time, for example from

1 Hz to 100 Hz in 100 ms. Figure 2.1 presents an example of a linear frequency chirp.
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Figure 2.1: Linear chirp signal. Frequency increases with time.

Sensor placement is key to accurate and reliable acoustic emission measurement.

Poor connection to a test specimen often decreases the amplitude of the recorded

signal. Moreover, it is possible that vibrations are not sensed due to improper sen-

sor connection. In the direct method, where the sensor is connected directly to the
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test specimen, the connection must be stable and provide enough pressure between

the sensor and the specimen. Sensor placement should stay constant during the

measurement procedure, as varying contact between the sensor and DUT causes the

measurement error to increase.

The AET of MLCCs requires signal amplification. Acoustic emission is sensed with

a piezoelectric sensor, which transforms vibrations to the corresponding voltage.

Because the magnitude of MLCC vibration is small, the voltage created by the

piezo-sensor is also minimal. A pre-amplifier is needed to make the voltage strong

enough for further processing. The pre-amplifier is placed after the sensor and before

the recording device, such as an oscilloscope. Changing the pre-amplifier charac-

teristics will affect the recorded signal. Furthermore, electromagnetic interference

strongly affects amplifier solutions; therefore, the measurement circumstances must

be controlled.

2.1 Excitation signal supply

To measure the acoustic emissions of a capacitor from a gate driver PCB, some me-

chanical solutions were needed in this study to supply an excitation signal through

the capacitors. The excitation signal made the MLCCs vibrate because of the piezo-

electric properties of dielectric material. The design of the gate driver board set some

limits on the mechanical and electrical design of the prototype. Capacitors were di-

vided into four different groups on the gate driver board, each of which had eight

individual capacitors connected in parallel. All the capacitors were physically the

same size, 2.5 mm x 3.2 mm (1210), and their capacitance value was 10µF. Figure

2.2 presents one of the four capacitor groups and shows the excitation signal connec-

tion to circuit. The capacitor line maximum voltage was determined in schematics

of the gate driver PCB. The maximum voltage to be supplied in these lines was

15 V.
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Figure 2.2: Principle of excitation signal connection.

As seen in figure 2.2, the excitation signal will pass every capacitor applying Kirch-

hoff’s current law:
n∑

i=1

Ik = 0. (2.1)

This is not an ideal situation. The best option would be for the excitation signal to

be supplied to every capacitor individually.

The manufacturer of the gate driver PCB uses test points in functional tests of

circuit boards. These points are located on the bottom of PCBs. In this study,

it was found that test points were one reasonable way to supply excitation signal

to capacitors. Using these test points also provided a better future development of

the prototype. Implementing AET in part of a traditional functional test of gate

driver PCBs is easier when large design changes to the current measurement system

are not needed. Because of the location of the test points, individual supply circuit

boards needed to be built. To avoid making the measurement procedure too com-

plicated and slow, easy and fast connectivity was kept in mind during the designing

process. In short, the supply PCB connected the signal generator to the capacitor

line. The signal generator was used to create an excitation signal. In the supply

board, there were four BNC connectors, each corresponding to one capacitor line.

The connection to the gate driver PCB was made with spring-loaded test pins.
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2.2 Vibration detection

At the beginning of the project, a sensor market study was conducted to choose the

most suitable sensor with relatively small physical dimensions to measure acoustic

emissions from a ceramic capacitor. The sensor’s frequency response had to be as

flat as possible, between 100 kHz and 1 MHz, because the acoustic emission of ML-

CCs often occurs in that frequency range (Levikari et al., 2017). Furthermore, the

sensor’s head had to be minimalist to avoid shorting the capacitor’s termination. It

was found that small acoustic emission sensors with a flat frequency response are not

available on the market. If a sensor is small enough to fit on top of the capacitor, its

frequency response and sensitivity tend to be poor. Ultimately, the KRNBB-PCP

acoustic emission sensor was chosen because of its flat frequency response and good

sensitivity (KRN Services, 2015). However, it was quickly discovered that only a

few of the capacitors on the gate driver PCB could be measured due to the sensor’s

physical dimensions.

To measure the acoustic response of all the capacitors on the PCB, the sensor’s

head had to be smaller than it was in the KRNBB-PCP sensor. Therefore, the

decision was made to use a waveguide. A waveguide is normally a tube or a rod

attached between the sensor and DUT. Waveguides are often used when the sensor

cannot be attached to the surface directly (Grosse and Ohtsu, 2008). One of the

most common reasons to use a waveguide is because the specimen’s temperature

is above the sensor’s maximum tolerated temperature (Hamstad, 2006). Another

common reason is because the acoustic event happens in extreme conditions, such

as underwater (Zakharov et al., 2010). However, a waveguide should not be used if

it is not necessary, as it changes the signal traveling through it. The extra specimen

adds two more boundaries to the measurement system: one between the DUT and

the waveguide and one between the acoustic emission sensor and the waveguide.

Furthermore, the signal is often distorted and attenuated as it travels through the

waveguide.
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The material and shape practically determine the features of the waveguide. Typical

materials for waveguides are metals such as aluminum, brass, and steel (Hamstad,

2014). Different glass types have also been investigated from a waveguide perspective

(Harrold, 1979). Sound velocity in solids differs between materials; hence, when the

waveguide’s material is changed, its features change too. Sikorska and Pan (2004)

investigated how the material used in waveguides affects the recorded signal. They

found that attenuation always happened when a specimen was placed between the

sensor and DUT. Aluminum did not attenuate the signal as much as stainless steel

or ceramics did, but resonance and reflections were more dominant than in ceramics.

A waveguide’s shape will also affect the recorded signal. The longer it is, the more

attenuation will occur, and vice versa (Sikorska and Pan, 2004). Hamstad (2006)

compared two different diameters of aluminum waveguides and noted that the atten-

uation of the peak level was 8 dB lower when a smaller diameter was used. Moreover,

sharp ends decreased the amplitude of the signal significantly (Hamstad, 2014).

2.2.1 Designed waveguide

The physical size of the waveguide was determined by the size of the capacitor and

sensor. The waveguide had to be easy to place on top of the capacitor, and contact

between the sensor and waveguide needed to be as stable as possible. Aluminum

was chosen as the material because it is easy to mill and it does not attenuate signal

as much as other common materials used in waveguide applications. Figure 2.3

presents the final version of the waveguide.
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Figure 2.3: Cone-shaped aluminum waveguide placed on top of an MLCC. The
connection to the acoustic emission sensor is made inside the black structure.

The waveguide’s top diameter was 11 mm to fit it well enough to the sensor head.

The bottom diameter was 1 mm to create as large a surface as possible against the

capacitor without shorting the terminals. The waveguide’s minimum length was

determined by a large connector on the gate driver PCB. To measure all capacitors

and keep it short to avoid attenuation, the waveguide’s length was chosen to be

16 mm.

2.3 Prototype overview

Figure 2.4 presents the designed prototype for measuring acoustic emissions of

MLCC attached to a gate driver PCB. The excitation signal is supplied to the

gate driver with the designed supply PCB. These circuit boards are pressed against

each other with black 3D-printed structures, which also align test points to test pins.

The acoustic emission sensor is also connected to the waveguide with a 3D-printed

piece. The prototype offers a fast and reliable connection between the DUT and the

supply circuit board. The waveguided sensor is easy to place on top of the capacitor.
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Figure 2.4: Final version of the prototype.
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3 Frequency response of the measurement system

In frequency response measurements, the waveguided acoustic emission sensor and

the sensor without a waveguide were compared to see how the attached specimen

would affect the recorded signal. Signal which frequency logarithmic increasing were

supplied through a transducer to a steel plate where the acoustic emission sensor

was mounted. The oscilloscope’s signal generator was used to supply the signal

through the transducer to vibrate the plate. Vibrations were picked up with the

KRNBB-PCP sensor, then amplified with the pre-amplifier and recorded with the

oscilloscope.

The oscilloscope’s frequency response analysis (FRA) function was used in the mea-

surement. The frequency response was measured between 100 Hz and 1 MHz. The

supply signal’s amplitude was set to 10 Vpp. The steel plate thickness was 6 mm,

and the distance between the transducer and receiver was set to 100 mm. Figure 3.1

shows the principle of measurement, where one acoustic emission sensor is vibrating

the steel plate while the other is sensing these vibrations.
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Oscilloscope

AMP

CH1 CH2

Sensor

Transducer

SG

Steel plate

Figure 3.1: Demonstration of setup used in frequency response measurements. Based
on (Keysight Technologies, 2017).

A total of three different sensor/transducer combinations were measured. Measure-

ments were repeated 10 times for each sensor/transducer combination. In five of

these measurements, the waveguide was attached. Contact between the waveguide

and sensor, and between the plate and transducer was reconnected between each

measurement, to see how a possible change in mounting would affect the recorded

signal. The following table presents the sensors and transducers used in this mea-

surement.

Table 3.1: Sensors and transducers. Note that a sensor can also work as a transducer.

Sensor SN Transducer SN Test case

13001 12045 1

13017 12045 2

12045 13017 3
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3.1 Measurement results

Five measurements were made with every sensor/transducer combination without

the waveguide. These measurements were also repeated with the waveguide. The

frequency response of the created measurement system was analyzed based on the

measured frequency response waveforms. The frequency response was found to vary

between each sensor. Furthermore, inconsistent sensor mounting caused variation in

the recorded signal. Figure 3.2 shows the arithmetic means of frequency responses

measured with sensor 1 without and with the attached waveguide.
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Figure 3.2: Test case 1. Frequency response a) without the waveguide b)with the
waveguide attached.

It can be seen that the waveguide caused some serious attenuation at frequencies

over 1kHz. Between 100Hz and 1kHz, the measured waveform was almost the same.

After 1 kHz, however, the waveform became increasingly distorted when comparing
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the sensor with and without the waveguide. The most interesting region is frequen-

cies between 100 kHz and 1 MHz, where acoustic emissions of MLCCs occurred. In

that region, attenuation was significant. For example, the highest peak measured

without the waveguide reached the -30 dB mark between 400 kHz and 500 kHz in

figure 3.2a. On the other hand, when the waveguide was attached (figure 3.2b), and

other measurement circumstances were kept the same, the peak between 400 kHz

and 500 kHz reached just over the -50 dB mark, so there was an attenuation of 20 dB.

One reason for this drop is that the signal’s path increased and caused the signal to

travel a greater distance. Moreover, the signal faced two more boundaries, leading

to reflections. Resonant peaks after 100 kHz were possibly created by the waveguide

itself, as these peaks are not visible in 3.2a.

Similar phenomena can be seen in figures 3.3 and 3.4. The results in figure 3.4 are

not comparable to earlier results due to the used sensor and transducer combination

in that specific measurement. A comparison of figures 3.2a and 3.3a shows that there

might have been some variance between these two sensors. This variance could also

have been caused by changes in mounting. Naturally, both sensors had individual

frequency responses, but the error caused by this difference was minor compared to

the error in mounting.

Figure 3.6 presents the frequency response of three different KRNBB-PCP acoustic

emission sensors. It can be seen that response varied between each sensor in fre-

quencies above 100 kHz. Reasons for this variation are complicated, but it is most

likely that the variance in mounting caused differences in the frequency response.

Furthermore, acoustic emission sensors are not identical to each other. Piezoelec-

tric sensors are difficult to construct, and variation in piezoelectric material causes

each sensor to have individual characteristics to detect vibrations. The variation of

sensor characteristics can be seen in the appendix, which presents the calibration

documents of two KRNBB-PCP sensors.
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Figure 3.5 presents the standard deviation of the five measurements made with sen-

sor 1 with the waveguide attached. The waveguide was reconnected between each

measurement to identify any possible inconsistency in mounting. The same mount-

ing system was used later on in the MLCC acoustic response measurements. As seen

in figure 3.5, the measured frequency response varied between measurements. For

example, at the 180 kHz mark, the standard deviation was 5 dB from the mean value.

These differences were most likely caused by sensor mounting. It is possible that

the designed sensor holder did not press the sensor to the waveguide exactly same

way at each time. This might cause problems if the waveguide is detached between

MLCC measurement procedures. Furthermore, only five measurement samples were

taken in each case. This means that the results have little statistical significance.
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Figure 3.3: Test case 2. Frequency response a) without the waveguide b) with the
waveguide attached.
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Figure 3.4: Test case 3. Frequency response a) without the waveguide b) the waveg-
uide attached.
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Figure 3.5: Standard deviation of the frequency response between 100 kHz and 1 Mhz
measured by sensor1 with waveguide. Note that only five samples were taken.
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Figure 3.6: FR of three ”identical” acoustic emission sensors. Note that in sensor 3,
a different transducer was used, so the results are not comparable to those of sensors
1 and 2. The waveguide was not attached.
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4 Acoustic response of capacitor

This chapter presents the acoustic response of the MLCC attached to the gate driver

board. The designed prototype was tested by measuring the capacitor’s acoustic

emissions from a total of five gate driver boards. Each individual board contained

32 capacitors. Capacitors C7 and C10 from each board were measured without the

waveguide. When a bare sensor was used, the sensor’s head was covered with kapton

tape to avoid shorting the MLCC’s termination electrodes. Capacitors were placed

on four different ”lines” on the gate driver board. Figure 4.1 illustrates the capacitor

placements on the gate driver board. Capacitors were measured in the same order

every time starting from line 3 and going through all capacitor lines.
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Figure 4.1: Capacitor placement on the gate driver board. Line 1 is displayed in
dark gray, line 2 in black, line 3 in white, and line 4 in light gray.

Acoustic emission measurements were made in an anechoic room to ensure a stable

measurement environment. Another environment might cause trouble with back-

ground noise and electromagnetic interference. Furthermore, mineral wool used in

anechoic rooms blocks radio frequencies well, making the effects of electromagnetic

interference smaller than in other measurement environment. Figure 4.2 illustrates

the basics of MLCC AET.
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Figure 4.2: Principles of AET of MLCC. The pulse chirp is driven into the MLCC
and vibrations are sensed, amplified, and recorded.

An excitation signal was generated with the signal generator and supplied to the gate

driver board with the designed supply PCB described in chapter 2. The capacitors’

acoustic response was picked up with the waveguided acoustic emission sensor. The

signal was then amplified with the pre-amplifier and recorded with the oscilloscope.

Figure 4.3 presents this measurement setup, and table 4.1 provides information

about the used measurement devices. To gather comparable results to those of

Levikari et al. (2017), the same kind of excitation signal was used as in the latter’s

study. The excitation signal was a 100 ms pulse chirp whose frequency linearly

increased from 100 Hz to 2 MHz, and the amplitude of the signal was 10 Vpp. The

duty cycle was set to 0.8. Levikari et al. (2017) notes that driving capacitors with

a pulse wave instead of a sine wave yields a higher acoustic response because there

are more signal harmonics in a pulse wave.

Waveguide

Oscilloscope

Sensor

Supply PCB

Signal generator

Amplifier

Gate driver board

MLCC

Test pin

Figure 4.3: Measurement setup.
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Table 4.1: Instrumentation

Device Model

Oscilloscope Keysight MSOX4104A

Signal generator Agilent 33250A

Amplifier KRN AMP-1BB-J

Sensor KRNBB-PCP

Recorded acoustic data was processed in matlab. The used matlab program is

discussed in more detail in Levikari et al. (2017) study. In short, the program

contains filters and denoises recorded signal. The program is based on the envelope

curve of the measured acoustic response of MLCC, which can be displayed as

e(t) =
√

(u(t))2 +Re(H(u(t)))2 (4.1)

where e(t) is the envelope curve of the measured signal, u(t) is the measured signal,

and Re(H(u(t)))2 is the so-called analytic signal. After the envelope curve calcula-

tion, e(t) is filtered with the second order Butter lowpass filter. The filtered signal

is then downsampled and plotted in the frequency domain.

For comparison, 10 samples of measurement data from Levikari et al. (2017) were

chosen, and the mean value of their envelope curve was calculated. The capacitance

value of these capacitors was 10µF, and the voltage rating was 24 V.
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4.1 Acoustic response of MLCC

A total of 160 capacitors were measured with a waveguide attached, and 10 were

measured with a bare sensor. Figure 4.4 presents the typical acoustic response of

an MLCC measured with the designed prototype.
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Figure 4.4: Typical acoustic response of an MLCC. Unfiltered (above) and filtered
(below) signal. Various resonance bursts along the frequency range can be seen.

The acoustic response contained several resonant peaks along the frequency spec-

trum. The highest amplitude can be found in frequencies near 710 kHz. The burst

in starting frequencies seen in the unfiltered measurement signal was caused by PCB

vibrations (Levikari et al., 2017). In several cases, the peak at 710 kHz contained

a smaller slope in frequencies near 750 kHz. The waveguide had serious effects on

the recorded signal. Most of the resonant peaks below 600 kHz were possibly caused

by the waveguide. These peaks are not shown in Figure 4.5, which presents the

acoustic response of capacitor C10 measured with and without the waveguide.
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Figure 4.5: Acoustic response of capacitor C10 measured with a) and b) the bare
sensor, and c) and d) the sensor with attached waveguide.

Figure 4.5a shows a few burst sections that occurred when acoustic emission was

measured with the bare sensor. These sections are highly distorted in figure 4.5c

due to the waveguide. Surprisingly, attenuation was not crucial. With the waveg-

uide, contact with the capacitor surface was more reliable and stable. When the

bare sensor was used, good contact with the surface was difficult to create due to

the sensor’s dimensions. Poor sensor placement might have caused the signal to

be significantly attenuated. Figures 4.5b and 4.5d show that the highest amplitude

area around 700 kHz could be detected, but the waveform was highly distorted due

to the waveguide.

It was observed that there might be two different populations among the measured

capacitors. The majority of capacitors tended to have their highest resonant peak

near 710 kHz, followed by a smaller slope at 750 kHz. However, 13.75 percent of

measured capacitors had a higher resonant peak at 750 kHz. Figure 4.6 presents

this phenomenon.
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Figure 4.6: Acoustic response of two different capacitors, where the dashed line
represents the typical response and the solid line illustrates behavior where the
highest resonant peak is further than in the majority of the measured capacitors.

Six of the measured capacitors behaved oddly. The frequency where the highest

amplitude appeared shifted closer to 600 Khz. Frequencies below that point were

dominant compared to all other measurement results. Between 700 and 800 kHz,

these capacitors had a similar response to other measured capacitors. No significant

correlation between these capacitors was found. Furthermore, no similarities were

found in capacitor positioning on the PCB. Figure 4.7 illustrates this odd behavior.



38 4 Acoustic response of capacitor

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Input frequency [Hz]
×10

6

-2

0

2

4

6

8

10

12

14

S
en
so
r
v
ol
ta
g
e
[V

]

×10
-3

Figure 4.7: : Acoustic response of two different capacitors, where the dashed line
represents the typical response and the solid line illustrates odd behavior, where the
highest resonant peak occurs earlier than in the majority of the measured capacitors.

This random behavior might have been caused by an error in the measurement

procedure. The capacitor’s acoustic response near 700 kHz is in line with other

measurement results. The peak at 600 kHz appeared at the same frequency for each

of these six capacitors.

4.2 Effects of MLCC placement on acoustic response

The amplitude of the measured acoustic response often correlated with the capacitor

location on the gate driver board. Certain capacitor areas on the board produced a

higher amplitude than others around 700 - 800 kHz. Furthermore, the smallest am-

plitude was noted to often correlate to a certain location. For example, capacitor C7

had the weakest peak amplitude in capacitor line 1 in every measured board. How-

ever, this comparison only takes into account frequencies between 700 and 800 kHz.

Tables 4.2 and 4.3 present the maximum and minimum amplitudes of the filtered

signal in each line and board.
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Table 4.2: Maximum amplitudes 700 − 800kHz.

Board Line 1 Line2 Line 3 Line 4

a C4, 8mV C21, 2.3mV C35, 15mV C50, 4.8mV

b C1, 10.5mV C16, 2.3mV C35, 12mV C49, 4.3mV

c C2 9.7mV C16, 2.5mV C33, 14mV C48, 5,3mV

d C4, 7.7mV C16, 2.2mV C34, 14.6mV C48, 5.2mV

e C2, 8.4mV C16, 2.6mV C33, 14.7mV C49, 4.8mV

Table 4.3: Minimum amplitudes 700 − 800kHz.

Board Line 1 Line 2 Line 3 Line 4

a C7, 2mV C15, 0.8mV C36, 2mV C45, 2mV

b C7, 3.5mV C14, 0.6mV C39, 3.3mV C45, 2mV

c C7 3.4mV C14, 0.6mV C39, 6.8mV C45, 2.7mV

d C7, 2.3mV C14, 1mV C37, 3.8mV C45, 3mV

e C7, 3.2mV C14, 0.8mV C40, 5.6mV C45, 2mV

As seen in tables 4.2 and 4.3, the measured amplitude varied between capacitors.

One possible reason for this variation is sensor placement. The sensors were placed

on top of the capacitor by human hands, so it was impossible to detect whether

they were positioned at the exact same point every time. The varying sensor place-

ment might have caused the measured amplitude to vary between each capacitor.

Moreover, other phenomena might also have caused certain areas to produce weaker

responses than others. For example, capacitor C7 produced only a 2-3.5 mV peak

response, while capacitor C2’s amplitude was three times higher. These capacitors

were in the same capacitor line. The same phenomenon occurred with capacitor

C45, which had the weakest response in line 4 for every gate driver board. However,

because every individual capacitor was measured only once, it is difficult to accu-

rately note whether different capacitor positioning on the gate driver board caused

amplitude changes in the measured signal. Nevertheless, the results show that there

might be some correlation between positioning and the vibration of ceramic capac-

itors.
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Capacitor placement on the gate driver board might also have affected the capac-

itor populations. As discussed above, two different populations of capacitors were

detected. Table 4.4 presents the capacitors whose acoustic response differed from

the majority between 700 and 800 kHz.

Table 4.4: Detected capacitor population whose acoustic response differed from the
majority.

Board-a Board-b Board-c Board-d Board-e

C5 C5 C18 C5 C1

C15 C6 C19 C6 -

C16 C19 C21 C7 -

C19 C40 C40 C19 -

C40 C43 - C40 -

- C44 - - -

- C47 - - -

As described, some locations tended to have a higher resonant peak at 750 kHz than

at 710 kHz. Capacitor C19 behaved in this way for every gate driver board. Errors in

sensor placement could cause the measured waveform to change, but it is impossible

to identify the exact reason for this behavior. It is most likely the sum of different

measurement errors, and C19 randomly appeared to behave like this every time.

4.3 Comparison to earlier work

This section compares the results to (Levikari et al., 2017) results. He examined

the acoustic emissions of ceramic capacitors, and in his study, the excitation signal

amplitude was twice as high, 20 Vpp, as in this thesis. The vibration of an MLCC

remarkably depends on the amplitude of the excitation signal. However, other signal

specifications such as the duty cycle, pulse time, and start/stop frequency were the

same in both studies. In both studies, the same acoustic emission sensor was used.
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In Levikari’s study, the excitation signal was supplied to every capacitor individually.

Figure 4.8 presents a typical acoustic emission of a size 1210 capacitor measured in

the two studies with the same acoustic emission sensor.

Figure 4.8: Mean values of envelope curves from two different studies. The capacitor
case size, voltage rating, and capacitance value are the same.

As seen in figure 4.8, the amplitude of the capacitor’s acoustic response was higher

in a) than in b). Note also that the measured capacitors C7 and C10 already had a

weak response compared to earlier measurement results. These capacitors were the

only ones that could be measured without the waveguide. The most obvious reasons

for this amplitude drop are the lower excitation signal amplitude and the supplying

signal to the multiple capacitor at same time. Moreover, the measured response

depends on mechanical contact between the sensor and capacitor. It is possible that

the contact between the capacitor and the bare sensor was better in (Levikari et al.,

2017) study. Some similarities can be seen in figures 4.8 a and b. The highest peak

appeared near the same frequency range in both studies. The greatest amplitude

in the measurement can be seen a) at 734 kHz and b) at 721 kHz. This indicates a

13 kHz shift in the highest amplitude. The peaks start to rise in almost the same
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area around 600 kHz, and the peak widths are nearly the same from 600 kHz to

800 kHz. The smaller slope in figure 4.8 a) at 647 kHz is not visible in 4.8 b).

The more interesting comparison is between Levikari et al. (2017) results and the

acoustic response of the MLCC measured with the waveguide from the gate driver

board in the present study. The waveguide presents new possibilities to measure

acoustic responses from almost any MLCC, as the sensor is easy to place on top of

the capacitor. If the acoustic response is still detectable with the waveguide, this

could help in the further development of the prototype. Figure 4.9 compares the

results of the two different studies, where in 4.9b a waveguide was attached to the

sensor.

Figure 4.9: Mean and std. values of acoustic response of a) 10 MLCCs measured
by Levikari b) 160 MLCCs measured with a waveguided sensor from the gate driver
boards.

A significant amplitude difference can be seen between these two measurements.

The peak amplitude in a) reached 0.14 V, whereas when the response was measured

with the setup designed in the present thesis, the peak amplitude was 5.5 mV. The

reasons for this drop are the same as those described earlier. A weaker excitation
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signal caused MLCC to vibrate less than in Levikari et al. (2017) measurements.

In addition, the prototype used in the present study contained more boundaries,

leading to more reflections. The signal needed to travel a longer distance due to the

waveguide. This caused more attenuation than when measuring acoustic emissions

with a bare sensor.

The more interesting part of the measured signal is its waveform. As noted, the

small resonance peaks seen in b) were caused by the waveguide. These peaks are

not seen in a). The most crucial region is frequencies between 600 and 800 kHz. In

this region, a large peak could be detected in both measurements. However, the

waveform of this peak was distorted and attenuated in b). Interestingly, the peak

amplitude in a) at 735 kHz is almost exactly the same frequency where that small

slope starts to rise in b). It is possible that the waveguide caused more attenuation

of the signal at frequencies over 735 kHz, and therefore peak response was obtained

earlier in b) than in a).
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5 Discussion

A prototype was built for measuring the acoustic emission of MLCCs from a gate

driver circuit board. The prototype was able to supply an excitation signal to the

capacitor line, and to make repeatable contact between the capacitor and sensor.

Of course, the method of placing a sensor on top of a capacitor by hand is not fast

or reliable enough for PCB screening in production lines; this whole system should

be automatized. Contact with the capacitor would be more stable and repeatable

if it was made with a machine. Placing the sensor on the exact same area on the

capacitor would decrease the measurement error and make the crack detection al-

gorithm more accurate.

Using a waveguide in the acoustic measurement of MLCCs could be interesting in

future quality testing. Ceramic capacitors are often placed close to each other on

PCBs. Making repeatable contact with only one capacitor without shorting its ter-

minals is not a problem when a waveguide is used. Thus, this kind of solution makes

AET possible for any capacitor case size. However, as previously stated, the waveg-

uide used in this study attenuated and distorted the signal. These findings are in

line with those of Sikorska and Pan (2004). In addition, the waveguide created new

resonant peaks along the frequency spectrum, but mostly above 100 kHz. A market

survey revealed that most of the small-size acoustic emission sensors’ frequency re-

sponses are poor. Furthermore, sensors with a flat frequency response tend to have

relatively large dimensions. This might indicate that the smaller the head of the

waveguide is, the more distortion will occur. However, this is only a hypothesis. It

would be viable to further investigate the effects of the waveguide shape and mate-

rial on the measured signal.

The measurements made with the designed prototype suggest that it is possible

to adapt acoustic emissions measurements to gate driver circuit boards. Although

the measured acoustic response was attenuated compared to Levikari et al. (2017)



45

results, similarities in waveform could still be seen, for example in figure 4.9. The

measured waveforms differed mostly because of the waveguide. In addition, the

design of the gate driver board also affected the measured signal. However, it is

still unclear how capable this prototype is of identifying defects in MLCCs. Cracks

often produce new resonant peaks in MLCCs’ acoustic response, and it is possible

that these peaks would be detectable with this prototype. However, this is simply

a hypothesis that must be further investigated. Furthermore, the results also sug-

gest that capacitor placement might affect the measured acoustic response. This

needs to be taken into account when making a reference model of an undamaged

capacitor. It would be viable to produce multiple models of undamaged capacitors

if further studies identify the same kind of correlation between acoustic response

and capacitor placement on the circuit board.

Finally, the sample size in this study was small, resulting in low statistical signifi-

cance. It is difficult to provide an exact explanation for the relatively large standard

deviation values seen in figure 4.9, as each individual capacitor was only measured

once. If some of the capacitors had been measured 10 times, for example, greater

evidence would have been obtained of the effects of sensor placement on those ca-

pacitors.
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6 Conclusion

The goal of this thesis was to develop and build a prototype for measuring acoustic

emissions of MLCCs from gate driver circuit boards.

To connect an acoustic emission sensor to MLCCs, an aluminum waveguide was de-

signed and build. The frequency response measurements show that the waveguide

caused attenuation and distortion in the recorded signal. To connect the excitation

signal to the capacitor line, a supply PCB was designed and built, and were con-

nected to test points on the gate driver board with spring-loaded test pins.

The designed prototype was tested by measuring the acoustic emission of MLCCs

from a total of five individual gate driver boards. The acoustic responses were

compared to Levikari et al. (2017) results. It was noted that the recorded acoustic

response was attenuated significantly due to the waveguide and the lower excitation

signal amplitude. The recorded waveform had similarities with those of earlier stud-

ies, and it is possible that this signal would indicate the presence of a crack.

The measured signals had high variance. This was mostly caused by the inconsis-

tency in sensor placement. Furthermore, the measured acoustic response seemed to

correlate with the capacitor placement on the gate driver board. Certain locations

had a weaker or stronger response than others. However, due to the small number

of measurements, this was considered to be only a guess.

The designed prototype suggest that it is possible to adapt AET to be part of the

functional testing of gate driver circuit boards. It is possible to measure MLCCs’

acoustic emission, and with further development of the prototype, AET could be a

viable method for screening defective capacitors in production circuit boards.
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